Introduction
Embryonic development requires coordination of cell and tissue level morphogenetic events, where constant feedback between intracellular and extracellular stimuli is regulated. Integrin extracellular matrix (ECM) receptors are critical mediators of cell interactions with the microenvironment.
Integrins influence growth factor signaling, crosstalk with other cell adhesion proteins including cadherins, engagement of the contractile actomyosin cytoskeletal network, and intracellular signaling through FAK and Src protein kinases, Rho family GTPases, PI3-kinase and protein kinase C (Eliceiri, 2001; Giancotti and Ruoslahti, 1999; Hynes, 2002; Weber et al., 2011; Worthington et al., 2011) . Correspondingly, loss http://dx.doi.org/10.1016/j.mod.2014.07.004 0925-4773/Ó 2014 Elsevier Ireland Ltd. All rights reserved.
of integrin function has negative consequences for cell adhesion and migration, proliferation, differentiation, survival and morphogenesis.
The inside-out activation of integrins involves the allosteric binding of talin proteins to a conserved motif in the cytoplasmic tails of b-integrins (Anthis and Campbell, 2011) . Talin binding leads to conformational changes in the integrin ab heterodimer and increased extracellular ligand-binding affinity (Calderwood et al., 1999; Nieswandt et al., 2007; Tadokoro et al., 2003) . Kindlin/fermitin family proteins also bind to integrin b-subunit tails and function cooperatively with talins to regulate integrin activation (Ma et al., 2008) . Correspondingly, integrin activation can be inhibited by the cytosolic protein SHARPIN, which blocks talin and kindlin recruitment to the integrin b tail (Rantala et al., 2011) . These intracellular regulators of integrin activation likely function to ''fine tune'' integrin adhesive activity and promote embryo and tissue morphogenesis.
The kindlin family of proteins consists of three paralogs termed kindlin1 (URP1/FERMT1), kindlin2 (MIG-2/FERMT2) and kindlin3 (URP2/FERMT3). Kindlin2 is most likely the ancestral form (Khan et al., 2011) . It is conserved throughout the metazoa, is expressed ubiquitously in adult and embryonic tissues and is evolving under strong negative selection (Khan et al., 2011; Ussar et al., 2006) . Kindlin1 and 3 exhibit tissue specific expression patterns. Kindlin1 is expressed in skin and mucosal epithelia (Kern et al., 2007; Petricca et al., 2009; Ussar et al., 2006) and loss of kindlin1 causes Kindler syndrome, a blistering disease that can also result in mucosal tissue damage and increased susceptibility to skin cancer (Jobard et al., 2003; Has et al., 2011; Siegel et al., 2003) . Kindlin3 is expressed primarily in hematopoietic cells (Ussar et al., 2006) and loss of kindlin3 function prevents normal integrin activation in platelets and leukocytes resulting in the bleeding disorder LAD-III (Kuijpers et al., 2009; Malinin et al., 2009; Svensson et al., 2009 ). Homozygous null mutations in both murine kindlin1 and 3 largely phenocopy the symptoms of human diseases caused by loss of function of these same genes in humans Moser et al., 2008) . Kindlin2 heterozygous mice appeared normal but homozygous nulls were embryonic lethal (Dowling et al., 2008a; Montanez et al., 2008) .
The importance of kindlins in specific developmental processes largely remains to be investigated, however, some clues have emerged from kindlin 2 functional analyses. Kindlin2 null embryonic stem cells formed poorly polarized embryoid bodies with increased incidence of apoptosis (Montanez et al., 2008) . Knockdown of kindlin2 in zebrafish resulted in hypoplastic and dysmorphic hearts (Dowling et al., 2008a) and abnormal angiogenesis (Pluskota et al., 2011) . Cardiovascular defects are also evident in kindlin2+/À mice and include increased blood vessel permeability and decreased vascularization of tumors (Pluskota et al., 2011) . RNAi knockdown of kindlin2 in C2C12 myoblast cells prevented myogenesis by decreasing cell-substrate adhesion and increasing cell motility, which in turn inhibited myocyte elongation and fusion into multinucleated fibers (Dowling et al., 2008b) .
Given the importance of kindlins to integrin activation, it is reasonable to hypothesize that many dynamic morphogenetic behaviors in development involving integrin adhesion and signaling are subject to regulation by kindlins. In the current study we investigated kindlin functions using antisense morpholino (MO) mediated knockdowns in Xenopus laevis embryos. All three kindlins (xkindlin1-3) are essential to embryonic development and represent involvement in a diverse range of functions, many of which have not been reported previously.
2.
Materials and methods
Embryos and antibody staining
Embryos were obtained and cultured using standard methods and staged according to Nieuwkoop and Faber (1967) . Immunostaining was carried out in TBST using the following antibodies: anti-C-cadherin: XC (rabbit) 1:2000 and anti-a-tubulin (mouse) 1:1000 followed by anti-mouse andrabbit IgG conjugated to Alexa-488, -555 or -647 fluorophores. For actin staining Alexa-555 conjugated phalloidin (Cytoskeleton) 1:50 was added with the secondary antibodies. For DNA staining, Sytox-Green 1:1000 was added after antibody incubation for 30 min at room temperature. For a-tubulin, immunostaining was performed in PBS/0.1% Triton/1% DMSO. Bisected embryos and whole embryos were dehydrated in methanol and cleared in 2benzyl benzoate: benzyl alcohol (2BB:BA) for microscopy.
2.2.
Morpholinos, RNA constructs and microinjection schemes All MOs used were purchased from GeneTools, diluted to 1 mM in filtered, sterile water and stored at room temperature. The MO sequences (5 0 -3 0 ) are as follows:
K1MO: GCCTACTGCCGCTGTATGGGTCATT K2MO: GCATCCGTATACCATCCAAAGCCAT K3MO: GATGTCTTGATTCCAGCCATCCTTA ConMO: CCTCTTACCTCAGTTACAATTTATA Before each use, the MO stock was heated to 65°C for 10 min, centrifuged at 16,000g for 2 min and diluted for microinjection.
Note that a MO targeting the published xkindlin2 sequence (NP_001086955) failed to produce an embryonic phenotype and did not significantly alter expression of endogenous maternal or zygotic xkindlin2 expression even though the MO itself targeted and blocked translation of exogenously expressed Myc-tagged xkindlin2 RNA (data not shown). We conclude that the published sequence corresponds to an xkindlin2 alloallele that is poorly expressed and likely not essential in vivo.
For RNA over-expression experiments, each construct was cloned into pCS2+ vectors, linearized with NotI and transcribed with SP6 RNA polymerase to obtain mRNA for microinjection. Human kindlin constructs were a kind gift from Dr. Edward Plow.
Immunoprecipitation
10 embryos were solubilized in 200 lL RIPA buffer (100 mM NaCl, 50 mM Tris-HCl pH 7.5, 1% Triton X-100, 2 mM PMSF
[phenylmethylsulphonylfluoride], protease inhibitor cocktail [Sigma P2714]) and centrifuged at 16,000g. 150 lL of yolk free protein extract was transferred into a fresh tube and brought to 500 lL with RIPA buffer. The lysates were cleared with protein G -agarose beads (Roche) then incubated with 2 lL mouse anti-kindlin2 antibody (3A3.5; kindly provided by Dr. Cary Wu) (Tu et al., 2003) for at least 1 h at 4°C before 5 lL fresh protein-G agarose beads were added and incubated overnight. The beads were then washed in RIPA three times, extracted with 2X Laemmli buffer (with 2% b-mercaptoethanol) and boiled for 5 min. Samples of the input, supernatant and IP were then separated by SDS-PAGE (7%), blotted onto nitrocellulose and probed with goat anti-kindlin2 antibody (Y-15) 1:500 from Santa Cruz. For quantification, bands from the IP lanes were normalized to a random non-variable band from whole embryo lysates.
2.4.
Whole mount RNA in situ hybridizations RNA in situ hybridizations were performed with slight modifications from the standard protocol (Harland, 1991) . Protease K digestion was omitted and antisense RNA probes were incubated with embryos for 2 days at 65°C. Substrate incubation times were highly variable for older embryos, sometimes taking up to 4 days. After staining, the embryos were bleached in 1% H 2 O 2 /5% formamide/0.5X SSC (Mayor et al., 1995) . Embryos were photographed before and after clearing in 2BB:BA.
2.5.
Heart injections of fluorescent tracer
Tadpoles were anesthetized in 0.01% finquel and using a sharpened tungsten needle, the skin above the heart was dissected open. 20-40 nL of Alexa-555 dextran (mol. weight: 10 kDa) was then injected using a microinjection needle directly into the beating heart. Images were taken on a Zeiss SteREO Lumar.V12 with an Axiocam MRm camera.
Transgenic manipulations and imaging
Natural matings were performed between kdr:GFP transgenic males (Doherty et al., 2007) and albino females. Fertilized eggs were collected from the tank and cultured to stage 2 for microinjection. At stage 32-34, the tail tips of transgenic embryos were GFP positive and could be sorted. Green fluorescent endothelial cells were visible by stage 36-38 but background fluorescence was high, thus, most embryos were imaged after stage 40. For imaging, embryos were anesthetized in 0.01% finquel and placed in a petri dish with a bored hole that was sealed with a cover slip. Z-stacks taken in 10 lm steps were obtained using an Optigrid structured illumination system on a Zeiss AxioObserver. Movies were taken over 10 h with z-stacks collected every 15-30 min.
2.7.
Host transfer protocol
Host transfers were carried out as previously described (Mir and Heasman, 2008) with modifications. Oocytes were injected with 10 nL MO mixture and incubated for 1-2 days before transfer into the host. For rescue experiments, RNAs were injected first and the oocytes allowed to recover overnight. Then MOs were injected. For fertilization, the hosts were placed in high-salt buffer where eggs were collected and fertilized with macerated testis. After 5 min, the eggs were flooded with 0.1X MMR until the completion of the first cleavage then dejellied. Only embryos that successfully cleaved to 2/4-cell stage were selected for further analysis.
Results

Identification of X. laevis kindlins
Three X. laevis kindlin paralogs (i.e., kindlins 1, 2 and 3) were reported previously (Canning et al., 2011; Khan et al., 2011) but any likely remaining alloalleles present in the Canning et al. (2011) .
Xenopus tropicalis paralogs were identified by analysis of conservation of synteny to human kindlin paralogs using metazome.net.
pseudotetraploid X. laevis genome have not been described. We identified two additional X. laevis kindlin alloalleles through BLAST searches for protein homology to human kindlins 1-3 ( 
Embryonic functions of xkindlin1
As reported previously (Canning et al., 2011) , xKindlin1 transcripts can be detected by RT-PCR in fertilized eggs, blastulae and gastrulae (data not shown). Localization of xkindlin1 by RNA in situ hybridization was first possible at neurula stages where expression was restricted to the non-neural ectoderm (Fig. S1 ). Subsequent broad expression of xkindlin1 in the epidermis persisted through tadpole stages (Fig. S1 ). These observations are in agreement with published data for kindlin1 expression in mammalian skin and other epithelial tissues .
We designed a MO to inhibit translation of endogenous xkindlin1 in X. laevis embryos (Fig. 1A ). This MO (K1MO) efficiently inhibited translation of exogenously expressed Myctagged xkindlin1 RNA (Fig. 1B) . As predicted based on the low levels of xkindlin1 expressed at early stages ( Fig. S1 ), control morpholino (ConMO) and K1MO injected embryos were normal through gastrulation ( Fig. 1C-D) . By tadpole stage, K1MO morphants were significantly delayed compared to controls ( Fig. 1E-F ) and exhibited gross defects of the gut including failure to coil ( Fig. 1G -H), with death ultimately occurring at slightly later stages. Previous studies have shown that kindlin1 is expressed mostly in skin, intestine, gut and other mucosal epithelia and loss of kindlin1 compromises the integrity of those tissues (Kern et al., 2007; Petricca et al., 2009; Ussar et al., 2006) . Thus, defects in epidermal integrity (e.g., gut) may account for the developmental delay and eventual lethality observed in Xenopus K1MO morphants.
Embryonic functions of xkindlin2
xKindlin2 is expressed at significantly higher levels in early stage embryos than either xkindlin1 or 3 (Canning et al., 2011 and Fig. S1 ). xKindlin2 RNA is present in eggs and early cleavage stage blastomeres prior to the mid-blastula transition. xkindlin2 expression was prominent in the notochord and paraxial mesoderm ( Fig. S1 ) but largely absent from the ectoderm through neurulation. The mesodermal expression of xkindlin2 persisted to later tailbud stages where faint xkindlin2 expression was also noted in the developing vascular primordia (Fig. S1 ).
To investigate the functions of xkindlin2 during development, we designed a single MO (K2MO) to target both xkindlin2 alloalleles ( Fig. 2A ). Significant expression of xkindlin2 protein was maintained in K2MO injected eggs and embryos through gastrulation (e.g., stage 11, Fig. 2B ). This likely represents maternally deposited protein translated from xkindlin2 mRNA during oogenesis. Efficient knockdown (>80%) and turnover of endogenous xkindlin2 in K2MO injected embryos was achieved by tailbud stages ($stage 26, Fig. 2B -C). Significant reductions in xkindlin2 expression were maintained in these embryos up to late tadpole stages ($stage 40, Fig. 2B ).
A prominent feature of K2MO morphants was the presence of a ventral edema (compare Fig. 2D to E) that often contained red blood cells. Blood aggregates and smears were also visible throughout the embryo whether viewed live ( Fig. 2E and I, red asterisks) or by RNA in situ hybridization with the blood marker hba1 (Fig. 2G) . Under transmitted light, refractile erythrocytes moving through the vasculature were readily observed in control embryos. Blood flow in the K2MO morphants was severely impaired and barely discernable in even large vessels of the trunk (Movie S1). Consistent with a defect in blood flow, the hearts of K2MO morphants failed to accumulate blood and appeared pale or white ( Fig. 2I ) compared to controls (Fig. 2H) , even though the hearts continued to beat. Expression of the marker nkx2-5 confirmed differentiation of heart tissue in K2MO morphants appeared normal ( Fig. 2J-K) . Co-injection of K2MO with a non-targetable transcript encoding EGFP-tagged human kindlin2 was used to confirm specificity of the antisense morpholino. Tadpoles were scored for ventral edema and pale/white hearts. Injections of K2MO resulted in 71% of tadpoles with a combination of both defects but these morphant phenotypes were significantly reduced (28% of tadpoles) by co-injection of the human kindlin2 rescue transcript (Fig. 2L) .
These results suggest that blood was either failing to enter and/or was leaking from the vasculature in K2MO morphants. To help distinguish these possibilities we injected fluorescent dextran directly into the beating hearts of tadpoles and observed whether flow through the vasculature was impaired. In control embryos, the fluorescent dextran distributed quickly and was persistently circulated even after 1 day (Fig. 3A) . This was in dramatic contrast to the K2MO morphants where fluorescent dextran was poorly distributed and accumulated in the developing kidneys (Fig. 3B) . Loss of blood flow was most dramatic in the tadpole trunk. Some flow was evident in the anterior-ventral parts of the embryo but even here blood flow was greatly reduced. We also frequently observed hemorrhaging into the cloaca where red blood cells leaked into the surrounding media (Movie S2).
It is unlikely that the diminished flow of blood in K2MO morphants was due to defects in hematopoiesis. Expression levels of the blood marker hba1 (a-globin) in ventral blood islands was comparable in ConMO and K2 morphants ( Fig. 3C-D) . At later stages, discrete hba1 positive blood islands were evident throughout the flanks of control embryos (Fig. 3E) . In contrast, hba1 expression took on a curiously branched appearance in K2MO morphants (Fig. 3F) . Several markers of blood and cardiovascular development were examined by RNA in situ hybridization to determine if transdifferentiation between blood and endothelial cells was occurring but no such evidence was obtained (Fig. S2) . We conclude that differentiation of blood is not per se impaired in K2MO morphants. Instead, the branched appearance of the hba1 staining may be a consequence of restricted blood flow in the anterior-ventral regions.
To investigate whether leaky vessels could account for hemorrhaging in kindlin2 morphants we visualized the , major vessels such as the pcv appeared to regress in K2MO morphants. (E-F) RNA in situ hybridizations using prox1 as a marker of the lymphatic system showed that lymph hearts (lh) and lymph vessels (lv) formed in both ConMO and K2MO morphants; discontinuities in prox1 expression are noted in K2MO embryos. tadpole vasculature by in situ hybridization using the endothelial cell marker aplnr. Early vascular development in K2MO morphants was comparable to controls with major vessels including the posterior cardinal vein (pcv), appearing morphologically normal (Fig. 4A-B) . As development progressed, malformations in the vasculature of kindlin2 morphants were observed. Branching of blood vessels around the developing gut appeared more sparse and less distinct overall in K2MO morphants (Fig. 4C-D and Fig. S2 ). The pcv (and other major vessels) also appeared to regress (Fig. 4D) suggesting that xkindlin2 is required for maintenance of the vasculature.
Defects in the lymphatic system were also noted by RNA in situ hybridization with the lymphatic marker prox1. Lymph hearts were evident in kindlin2 morphants (Fig. 4E-F) , however, prox1 staining in the major lymph vessels appeared discontinuous (Fig. 4F) . K2MO morphants formed lymph hearts that beat at a similar rate to controls but the contraction was irregular. It remains unclear whether the lymphatic defects were secondary consequences of cardiovascular (Nieuwkoop and Faber, 1967) with approximate locations of image fields depicted in labeled panels (red boxes). (A-H) Extended focus grid confocal micrographs of transgenic tadpoles imaged live. Panels are arranged so that dorsal is up and anterior is left. (A) Uninjected (UN) tadpoles had normal posterior cardinal veins (pcv) and an elaborate branched network of blood vessels throughout the trunk of the embryo including around the cloaca (cl). (B) K2MO morphants formed aberrant ventral edemas (ve) and swelling of the pcv. (C-F) Angiogenic sprouting of blood vessels was severely reduced in K2MO morphants compared to controls and the epithelial morphology of major blood vessels including the pcv was disrupted in K2MO morphants. (G-H) A magnified view of paired pcvs showing that in K2MO morphants, endothelial cells around the pcv appeared mesenchymal with multiple long protrusions (examples highlighted with red arrowheads), in stark contrast to the normal epithelial nature of endothelial cells at this region. (I) Quantification of the mean blood vessel width in uninjected compared to K2MO injected embryos; blood vessels widths observed in K2MO morphants were narrower than controls. For measurements, vessels were defined as a tubular stretch of endothelial cells between two branch points within the trunk of the embryo. Three width measurements were taken across the length of each vessel and averaged (UN: N = 8 tadpoles, n = 393 blood vessels; K2MO: N = 9 tadpoles, n = 80 blood vessels; error bars = SEM; p < 0.0001).
malformations but impaired lymphatic function may have contributed to the ventral edema. Edemas can also be caused by defects in kidney morphogenesis, however, we noted that K2MO morphant kidneys appeared similar to controls based on expression of the kidney marker pax8 (data not shown).
The vascular marker studies provided static ''snap-shots'' of perturbed vascular development in K2MO morphants but did not allow us to address how loss of xkindlin2 might lead to progressive disruptions of vascular morphology over time. To study the consequences of xkindlin2 knockdown on vascular development in live embryos, we utilized transgenic X. laevis embryos with GFP expressed under the control of the kdr/VEGFR2 promoter, which restricts GFP expression to the endothelial cell lineage (Doherty et al., 2007) . Transgenic males were mated with albino females to obtain pigment-free embryos with green fluorescent blood vessels in $25% of the embryo clutch. These embryos were injected post-fertilization with K2MO. Unfortunately, the signal to noise ratio (i.e., limited by yolk autofluorescence) prior to stage 40 was not sufficient to image early events in vascular development. Imaging of transgenics at stage 40 and beyond revealed major vessels lined by kdr-positive endothelial cells including regions in the K2MO morphants where lumenal diameters were dramatically expanded (e.g., localized ''swelling'' of the pcv; Fig. 5A-B) . In addition, angiogenic branching of the vasculature was significantly reduced in K2MO morphants (Fig. 5C-F) .
The loss of xkindlin2 impaired the morphology of both major vessels and angiogenic branches. Endothelial cells appeared to delaminate in large vessels including the pcv (Fig. 5E-H) . The angiogenic branches formed in the trunk of K2MO morphants were wispy, short and poorly lumenized, and the widths of these vessels were significantly narrowed (Fig. 5I) . Fewer vessels overall were noted between branch points in K2MO morphants.
Transgenic tadpoles were anesthetized and imaged by timelapse microscopy for 10 h in order to observe endothelial cell behaviors in angiogenic sprouts. In control embryos, endothelial tip cells extended protrusions that either retracted (Fig. 6A, blue arrowhead) or formed a new connection and, therefore, a new branch (Fig. 6A , yellow arrowhead; see also Movie S3). Stalk cells behind the tip cells often divided and reinforced the newly formed vessel branch. Endothelial cell protrusions were usually restricted to one or two protrusions per cell (maximum number of protrusions by tip-cells were quantified in Fig. 6C ). In K2MO morphants the endothelial cells were much more active, protruding and retracting multiple extensions but failing to make productive connections (Fig. 6B , green and red arrowheads; Movie S4). The tip-cells in the K2MO morphants made many more protrusions (Fig. 6C ) but often failed to form new branches. These differing cell behaviors were readily observed in movies comparing blood vessel development in control and K2MO morphant embryos (Movies S3-4).
Taken together, these data support a role for xkindlin2 as a major player in vascular development. Reduced xkindlin2 expression compromises angiogenesis and vascular maintenance, resulting in disruptions in vessel morphology, hemorrhage and reduced blood flow.
Functions of maternally deposited xkindlin2 in embryos
Microinjection of K2MO post-fertilization failed to reduce expression of xkindlin2 prior to neurulation due to the persistence of maternal xkindlin2 protein at these stages. In order to investigate the function of xkindlin2 during early development through gastrulation, we attempted to deplete maternal xkindlin2 protein before fertilization using the host transfer protocol (Mir and Heasman, 2008) . Xenopus oocytes were surgically removed from host animals and injected with either ConMO or K2MO. Oocytes were cultured for 2 days to allow for turnover and depletion of maternal xkindlin2 protein. These oocytes were then matured with progesterone, stained differentially with vital dyes, and transferred into an ovulating host female. Following release, dyed eggs were recovered and fertilized in vitro. Uninjected and ConMO injected oocytes/eggs were competent to advance through early cleavage stages (Fig. 7A ) up to late tadpole stages. However, fertilized eggs derived from K2MO injected oocytes were only able to undergo the first 1-3 cleavage cycles before cell divisions began to fail. Pigmented indentations appeared on the surface of K2MO embryos indicating cell divisions were about to begin but normal cleavages did not progress ( Fig. 7A and Movie S5). Even the initial cleavage planes established during the first few divisions were not maintained. Consistent with these observations, bisected morphant embryos appeared as solid masses without clear cell-cell boundaries (Fig. 7B) . Immunostaining for C-cadherin, which normally marks cell edges at these stages (Fig. 7C) confirmed the lack of cell-cell boundaries (Fig. 7D) . However, multiple nuclei were readily visible in both controls and K2MO morphants (Fig. 7E-F) indicating that karyokinesis occurred. Thus, loss of maternal xkindlin2 resulted in severe cytokinesis defects indicating a novel role for xkindlin2 in early Xenopus development.
We attempted to rescue the MO-induced defects by coexpressing K2MO with EGFP-tagged human kindlin2 RNA in oocytes (Fig. S3) . In two experiments, the average number of embryos with cleavage defects was reduced to 29.5% in the rescued clutch compared to 73.8% embryos with cleavage defects when K2MO was injected alone. Rescued embryos appeared similar to uninjected embryos following hosttransfer with normal cleavage planes (Fig. S3) . However, minor defects in cell division were still visible in some regions of rescued embryos, appearing as indentations with pigment accumulation (Fig. S3) . This was most likely due to uneven diffusion of the rescue RNA construct following injection into the oocyte cytoplasm. Nevertheless, most of the rescued embryos with normal cleavage planes still failed to survive past gastrulation. This was possibly due to technical limitations related to rescue construct expression levels and/or uneven distribution throughout the embryo at later stages.
3.5.
Analyses of late stage xkindlin3 morphant embryos Canning et al., 2011 reported that xkindlin3 was not expressed in whole embryos prior to neurulation. We also failed to detect significant expression of xkindlin3 until neurula stages where it was localized along the notochord-somite and notochord-neural tube boundaries (Fig. S1) . At later stages, xkindlin3 was expressed primarily in the ventral blood islands consistent with earlier reports (Canning et al., 2011; Ussar et al., 2008 ).
An antisense MO (K3MO) was designed to target the single known alloallele of kindlin3 expressed in X. laevis (Fig. 8A-B) . We were unable to establish directly the efficacy of K3MO in knocking down endogenous xkindlin3 expression owing to a lack of suitable antibodies, however, K3MO efficiently blocked translation of co-injected xkindlin3 transcripts (Fig. 8B) . K3MO (40 ng per embryo) injection resulted in significant delays in development and death at tadpole stages. Injections of lower concentration K3MO (20-30 ng per embryo) resulted in a variety of surprisingly complex phenotypes. Normal tailbud embryos have a ciliated epidermis and the concerted beating of these cilia causes embryos to glide across the surface of the petri dish in the forward direction (Hayes et al., 2007) . Gliding of K3MO morphants was severely impaired with affected embryos tending to remain static (Movie S6). This phenotype was quantified using spider diagrams to trace the movement of these embryos over 30 s (Fig. 8C-E) . The gliding defect was not caused by a failure to assemble cilia as a-tubulin staining of the epidermis revealed abundant multi-ciliated cells, which were morphologically indistinguishable from controls ( Fig. 8F-G) . The gliding defect was not permanent; K3MO morphant tailbuds were able to recover and begin gliding within 24 h, presumably in parallel with a loss of morpholino efficacy over time. The gliding defect was partially rescued by coinjection of a non-targetable human kindlin3 RNA along with the K3MO (Fig. 8H , Movie S7), further supporting specificity of the MO.
In addition to defects in ciliary beating, injection of K3MO also resulted in temporary paralysis. Late tailbuds and tadpoles are sensitive to touch and ''flee'' in response. When control embryos were touched with a hairloop they swam away (Movie S8). However, K3MO morphant tadpoles failed to swim away when touched with the hairloop (Movie S8). At high doses of K3MO (e.g. 40 ng per embryo), the embryos were completely paralyzed. Embryos injected with lower doses of morpholino (20-30 ng) were competent to ''twitch'' when touched with a hairloop. However, these embryos remained unable to ''flee'' by swimming away (Fig. 8I) .
Discussion
The kindlins comprise a family of proteins important in both disease (Kindler Syndrome and LAD-III) and as intracellular regulators of integrin activation. While mouse knockout models have enriched our understanding of how loss of kindlin1 and 3 contribute to disease mechanisms, the functions of kindlins in normal embryonic development and tissue maintenance remain poorly understood. Morpholino-mediated knockdowns of kindlins in Xenopus embryos revealed a diverse range of kindlin-dependent functions most of which have not been reported previously.
The xkindlin1 morphant phenotypes reported here are largely concordant with what has been reported for kindlin1 loss of function studies in other systems. Kindlin1 is expressed in ectodermally derived mouse, frog and human tissues including skin and mucosal epithelia. We failed to observed early developmental defects in embryos injected with K1MO, consistent with the lack of xkindlin1 expression prior to neurulation. However, loss of xkindlin1 resulted in subsequent developmental delays and eventually lethality, likely attributable to severe malformations in the gut evident at tadpole (i.e., feeding) stages. Malformations in other tissues such as the embryonic skin may have also contributed. While kindlin1 null mice were reported to survive to birth, pups died within 3-5 days of severe dehydration coincident with major defects in intestinal cell morphology and function . Our study agrees with published data for kindlin1 lossof-function, which indicate that kindlin1 is required to maintain the integrity of epithelial tissues where it is expressed (Siegel et al., 2003; Ussar et al., 2008) .
Loss of xkindlin2 in Xenopus tadpoles resulted in defects in blood circulation, angiogenesis and vascular maintenance. Previous studies in other systems demonstrated a role for (H) Quantification of the phenotypic rescue of the gliding defect in embryos injected with both K3MO and a non-targetable human kindlin3 transcript (hK3 RNA). Gliding speeds varied widely in rescued embryos likely due to nonuniform expression of the rescue protein in individual embryos. 10 bins were created representing the percent of the mean distance traversed by ConMO embryos in 10% increments plotted along the x-axis represented as relative distance. At each point, the percent of embryos that traversed a distance equal to or below it was plotted along the y-axis for each group. A majority of K3MO morphants were more static relative to ConMO morphants. Over-expression of hK3 RNA decreased the percentage of K3MO morphants able to traverse short distances compared to ConMO. Movie S7 demonstrates this partial rescue from one representative experiment. (I) Quantification of MO-injected embryo responses to touch with a hairloop. Tadpoles that swam to the edge of the dish were scored as ''flee,'' tadpoles that twitched in response but could not swim away were scored as ''twitch'' and tadpoles that failed to respond after at least 20 touches were scored as ''no response''. Only K3MO morphants were impaired in their ability to flee from a tactile insult (ConMO: N = 3, n = 57; K2MO: N = 1, n = 29; K3MO: N = 3, n = 53; error: SD). b kindlin2 in angiogenic regulation (Pluskota et al., 2011) . Tumors induced subcutaneously in kindlin2+/À mice were poorly vascularized indicating that pathological angiogenesis depends on kindlin2 expression. We demonstrate that in addition to angiogenesis, xkindlin2 is required for a broad range of functions during normal vascular development including the maintenance of major vessels.
In K2MO morphants, blood vessels initially appeared to form normally. However, we cannot rule out the possibility that this was due to residual levels of maternally encoded xkindlin2. Alternatively, it is possible that vasculogenesis can proceed via xkindlin2-independent mechanisms. Once angiogenic branching began, however, the loss of xkindlin2 resulted in severe sprouting defects in addition to dysmorphogenesis of major vessels. Angiogenesis clearly depends on integrin function; factors that stimulate integrin activation, such as VEGF and FGF, and factors that repress integrin activation, such as Sema3A, are each required for normal angiogenesis (Bussolino et al., 2009; Byzova et al., 2000; Kiosses et al., 2001; Mahabeleshwar et al., 2008; Serini et al., 2006) . Thus, it is perhaps not surprising that loss of the integrin activator xkindlin2 inhibited angiogenesis in Xenopus embryos. In K2MO morphants, endothelial tip cells displayed increased protrusive activity but the ability to form stable contacts and initiate new branches was inhibited. Decreased branching activity suggests that Notch/Delta or VEGFR signaling may be impaired (Gerhardt et al., 2003; Phng and Gerhardt, 2009 ). The regulation of both Notch/Delta and VEGFR signaling is critical for selection and maintenance of tip vs. stalk cell identity that determines the appropriate ratio of protrusive cells and hence the number of angiogenic branches formed (Hellströ m et al., 2007) . Our studies suggest that normal kindlin2 function may be necessary for signaling events that regulate the elaboration of an ordered, branched endothelial network.
The angiogenic defects we observed in xkindlin2 morphants may also have been affected by a loss of blood flow and reduced hemodynamic force, which are well known to be important in vascular remodeling (Culver and Dickinson, 2010) . While blood flow is not necessary for oxygen transport in Xenopus tadpoles due to sufficient oxygen diffusion (Territo and Burggren, 1998) , the mechanical contribution of blood flow to angiogenesis has not been directly tested in frog or fish embryos. Thus, we cannot rule out that the vascular and angiogenic defects observed in xkindlin2 morphants may simply be the result of impaired blood flow vs. an endothelial-specific tissue function disrupted by xkindlin2 knockdown.
We also observed that loss of xkindlin2 resulted in leaky blood vessels and hemorrhaging. Leaky vessels were documented in kindlin2+/À mice (Pluskota et al., 2011) but because homozygous null mice die early in development, the full extent of kindlin2 involvement in vascular development has not been reported. We find that loss of xkindlin2 severely compromises the size and integrity of blood vessels to the point where endothelial cells ultimately lose their epithelial morphology and delaminate from the vessel wall. Regulation of vascular maintenance depends on multiple factors including epithelial cell interactions with basement membrane and mural cells. Kindlin2 may be functioning to regulate deposition, assembly or adhesion to basement membrane around the assembled vasculature, which in turn can regulate Notch/Delta signaling (Stenzel et al., 2011) . Kindlin2 may also be facilitating the recruitment and adhesion of mural cells that are critical to maintaining blood vessels in their proper morphology (Darland and D'Amore, 2001; Franco et al., 2011) . These functions need not be mutually exclusive.
One of our primary goals in investigating xkindlin functions in Xenopus was to establish the importance of kindlins in regulating integrin function at gastrulation where changes in integrin-fibronectin adhesion have been implicated in multiple cell and tissue movements (Davidson et al., 2006; . However, high levels of maternally deposited xkindlin2 protein were evident through gastrula stages and thus, could not be depleted by morpholino injection in eggs or early cleavage stage embryos. In order to knockdown both the maternal store and subsequent zygotic expression of xkindlin2, we utilized the host transfer method to introduce antisense xkindlin2 morpholinos into oocytes. Surprisingly, depletion of maternal kindlin2 by K2MO resulted in an early embryonic lethal phenotype that included failure of cytokinesis but not karyokinesis. It is important to note that this same morpholino injected into fertilized eggs did not cause cleavage defects or lethality prior to tadpole stages (e.g., Fig. 2 ). This suggests strongly that the early phenotype observed following host transfer was not due to morpholino toxicity but rather the specific loss of maternal xkindlin2. Moreover, our data indicate that the cytokinesis defects are limited to initial cleavage stages; depletion of zygotic xkindlin 2 at later stages did not appear to affect cell division. Interestingly, it was reported recently that kindlin-1 localizes to centrosomes where it plays an important role in regulating mitotic spindle assembly (Patel et al., 2013) .
A role for kindlin2 in cytokinesis has not been reported previously and it is not known whether defects in cell division could have contributed to embryonic lethality in kindlin2À/À mice. kindlin2À/À embryos at E7.5 were smaller than wildtype littermates and partially resorbed (Dowling et al., 2008a) thus, early proliferation defects may have been a contributing factor. However, reduced proliferation has not been observed in knockdowns or knockouts of kindlin2 in tissue culture cells nor in kindlin2À/À embryonic stem cells (Montanez et al., 2008) . How might kindlin2 be regulating cell division in early cleavage stage Xenopus embryos? We initially hypothesized that kindlin2-mediated integrin activation may increase binding to ECM at the site of cleavage to reinforce the indenting furrow. In the mouse blastocyst and C. elegans germline, the ECM protein fibulin-6/hemicentin has been shown to facilitate furrow ingression and maintenance (Xu and Vogel, 2011) although the hemicentin receptor engaged at the furrow has not been identified. The full complement of integrin and ECM components expressed at early cleavage stages in Xenopus is not well characterized. However, fibronectin (FN) is known to be deposited along the first cleavage furrow (Danker et al., 1993) together with integrin a5b1, which is inserted into new plasma membrane being added to the furrow (Gawantka et al., 1992; Joos et al., 1995) . Inhibition of FN-a5b1 binding using function-blocking antibodies did not result in cytokinetic defects (data not shown). Moreover, knockdown of maternal FN using the host-transfer method also failed to inhibit cell division (data not shown). Thus it is unlikely that kindlin2 functions via FN-a5b1 to mediate cell division. Kindlin2 may be facilitating the engagement of unknown integrin-ECM partners at this stage. Alternatively, kindlin2 may regulate the interaction of cytoskeletal elements to the membrane in order to drive cytokinesis or to modulate the position of the spindle. A more thorough understanding of kindlin2 and its interacting partners is needed to elaborate the mechanism by which kindlin2 regulates cell division at these early stages.
Our analyses of xkindlin3 revealed additional functions for this protein not reported in previous studies. First, we observed expression of xkindlin3 during neurula stages around the notochord and at somite boundaries. Loss of xkindlin3 also revealed a number of novel phenotypes that included defective epidermal ciliary beating and partial paralysis. The Xenopus ciliated epidermis also expresses xkindlin1 but this was not sufficient to compensate for loss of xkindlin3 in this tissue. Similarly, partial paralysis in xkindlin3 morphants occured even though xkindlin2 was expressed in mesodermal tissues including muscle. xKindlin3 has likely evolved independent functions not compensated for by the overlapping expression of other kindlin paralogs. Further studies will be needed to determine whether these novel functions for xkindlin3 are widely distributed across phyla or represent specialized functions in some species.
The apparent non-compensatory functions of kindlins calls into question whether the primary roles of these proteins are related to integrin activation. For example, integrins have not been implicated in the motility of cilia. It remains to be seen whether the failure of ciliary beating observed in xkindlin3 morphants represents attenuated integrin activation or whether xkindlin3 has evolved integrin-independent functions. As for embryo movements, integrins are known to play important roles in muscle and neuron development (Clark et al., 2002) and delays in these processes brought about by loss of xkindlin3 might account for the temporary paralysis observed in morphant embryos. Some studies suggest that kindlin paralogs may not be functionally interchangeable (Bandyopadhyay et al., 2012; Bialkowska et al., 2010) .
In conclusion, we report a number of new and diverse roles for kindlins in embryonic development. Clearly, the functions of this family of proteins are more complex and widespread than previously appreciated and additional studies of kindlins in normal development and tissue homeostasis are likely to yield important new insights.
